A number of reports of structural studies of antibodies or antigen binding fragments (Fab) bound to icosahedral viruses, such as picornaviruses, flaviviruses, and parvoviruses, are available (24, 25, 31, 61, 64, 68, 74) . It has previously been shown by mutational analyses that neutralizing antibodies are usually directed to major antigenic sites on the viral surface (54) . In most cases, the Fab molecules have been found to extend radially outwards from the surface of the virus, permitting the cross-linking of virions by antibodies. Although structural studies show multiples of 60 Fab molecules bound to the viral surface, a lower level of occupancy may be sufficient for neutralization in many cases, indicating that many factors can be involved in determining neutralization efficiency (34) .
Minute virus of mice (MVM) is an autonomous member of the Parvoviridae, a family of small, single-stranded DNA viruses. The two best-characterized variants of MVM, the prototype strain (MVMp) (16) and the immunosuppressive strain (MVMi) (7, 18, 50) , are serologically indistinguishable but differ in their in vitro cell tropism (27, 66) and in vivo pathogenicity (10, 33, 58, 59) , despite their high degree of sequence identity of about 97%. The MVM capsid is composed of a mixture of the viral proteins VP1 (83 kDa), VP2 (64 kDa), and VP3 (60 kDa) (67). VP2, the major capsid protein, is structurally equivalent to the C-terminal portion of VP1. Although VP2 is sufficient for the formation of icosahedral particles that are able to encapsidate DNA, these particles are not infectious (70) . However, the presence of about nine VP1 molecules per 60 subunits renders a virion infectious (67, 70) . VP3, a proteolytic cleavage product of VP2, has been observed only in DNAcontaining particles (1, 13, 51, 67) . Empty, recombinant viruslike particles (VLPs), self-assembled from MVMp VP2, are morphologically and immunologically similar to native, empty MVMp particles (11, 23, 35, 56) , as demonstrated previously for other parvoviral VLPs (29, 38, 39, 57) .
Similar to that of other autonomous parvoviruses, the icosahedral protein shell of MVM has depressions at the two-fold axes, canyon-like regions around the cylindrical structures at the five-fold axes, and protrusions at the three-fold symmetry axes (1, 40) . The protrusions at or around the icosahedral three-fold axes have been implicated in parvoviral tropism (12, 35, 60) , pathogenicity (49) , antigenicity (6, 9, 36, 65, 76, 77) , and receptor attachment (26, 32) . Residues defining MVM tissue tropism and pathogenicity have been mapped to the threedimensional (3D) atomic structures of the viral capsid (23, 35, 45) . A major determinant of MVM tissue tropism was found in the area surrounding the depression at the icosahedral twofold axis of the virion (4, 17, 21, 48) . This dimple-like depression has also been identified as a sialic acid binding site of MVM and canine parvovirus (5, 44, 69) .
The neutralizing monoclonal antibody (MAb) B7 elicited against MVMp is protective in passive immunotherapy against a lethal leukopenia disease in SCID mice caused by MVMi (43) . However, MVMi evades the therapy by in vivo selection of antibody-resistant mutants on the viral surface. Analyses of antibody escape mutants indicated that residues 433 through 439 of VP2, located on the tip of the spike at the three-fold axes of symmetry, are a part of the B7 epitope (43) . MAb B7 has also been used as a marker for intact capsids in in vivo studies of MVM infection (41, 42, 46) , but the MAb is unable to recognize viral capsid protein (VP) trimers, a major assembly intermediate (52) .
The present study examines the interaction of the Fab fragment of B7 with MVMi VLPs by cryo-electron microscopy (cryoEM). The fitting of a B7 Fab homology model into the cryoEM density map demonstrated that only one B7 Fab molecule per spike can be accommodated at the three-fold axes. The structural results, together with the analysis of B7 binding and neutralization activity, suggest that this antibody may hinder conformational transitions in the viral capsid required for the MVMi infection process.
MATERIALS AND METHODS
Production and purification of VLPs of MVMi. Recombinant baculovirus expressing the VP2 protein of MVMi under the control of the polh promoter was constructed using the Bac-to-Bac baculovirus expression system (Invitrogen). The VP2-encoding sequence of the MVMi genome (2) was amplified by PCR using the primers VP2-Forward (5Ј GCA GTG GGA TCC ATG AGT GAT GGC ACC AGC CAA C 3Ј) and VP2-Reverse (5Ј AAG CAT CTC GAG TTA GTA AGT ATT TCT AGC AAC 3Ј) and inserted between the BamHI and XhoI restriction sites of the pFastBac1 shuttle vector. MVMi VLPs were purified from High Five insect cells by a modification of the procedure described by Hernando et al. (23) . Infected cells (multiplicity of infection of 1) were harvested 2 days postinfection and resuspended in lysis buffer (50 mM Tris-HCl [pH 8.0], 0.5 mM EDTA, 100 mM NaCl, 0.2% sodium dodecyl sulfate). VLPs were purified from the lysate by sedimentation through a 20% sucrose cushion in the presence of 0.2% Triton X-100, followed by density gradient purification using a linear 10 to 40% sucrose gradient (68,000 ϫ g for 6.5 h at 5°C). Fractions with hemagglutination activity were pooled and subjected to equilibrium centrifugation in a CsCl gradient at 150,000 ϫ g for 24 h at 10°C. MVMi VLPs banding at a density of 1.32 g/cm 3 were harvested and extensively dialyzed against phosphate-buffered saline (PBS). The purified sample was stored at 4°C after the addition of 0.02% sodium azide. Production of B7 hybridoma cells and purification of Fab fragments from MAb B7. Mice were subcutaneously immunized with purified and UV radiation (254-nm wavelength)-treated MVMp capsids in Freund's complete adjuvant, followed by two injections with the capsids in Freund's incomplete adjuvant. A final intravenous booster immunization with the same antigen was administered 4 days before splenectomy. Spleen cells were fused to Sp2/0-Ag14 mouse myeloma cells and selected using standard methods (20) . Culture supernatants of the hybridomas were tested against purified MVMp capsids in an enzyme-linked immunosorbent assay, and positive cells were cloned by end point dilution. MAb B7, secreted by the hybridoma clone D4H1.B7, was of subtype ␥1/ as determined using the mouse typer subisotyping kit (Bio-Rad).
For B7 Fab production, ascitic fluid was recovered from BALB/c mice injected with 2 ϫ 10 6 hybridoma D4H1.B7 cells per mouse. MAb B7 was purified by using protein A-Sepharose (Pharmacia) (71) and digested for 5 h at 37°C with soluble papain (Sigma) in digestion buffer (PBS [pH 7.2], 0.8 mM EDTA, 4.2 mM L-cysteine) at an immunoglobulin G (IgG)/enzyme ratio of 104:1 (wt/wt). Upon precipitation with 85% ammonium sulfate, the Fab moiety was purified by protein A-Sepharose and Sephacryl S-200 Spun (Pharmacia) chromatography.
MVM neutralization assays. MVMi virions (150 PFU) were incubated with purified intact MAb or Fab fragments in 0.4 ml of PBS for 30 min at 37°C, and the remaining infectivity was determined in plaque assays using NB324K cells as described previously (43) . One neutralization unit (Nu) was defined as the amount of MAb or Fab required to neutralize 50% of the virus. The inhibition of MVM capsid attachment to cells was tested in binding assays using 35 S-labeled capsids (56) . To test for neutralization postattachment, NB324K monolayers were inoculated with purified MVMi for 1 h at 4°C. After the removal of unbound virus by repeated washing with PBS, fresh culture medium was added to allow virus internalization at 37°C. At different time points postadsorption, 10 Nu of purified MAb B7/ml, an amount exceeding the concentration necessary for complete neutralization of the inoculum, was added. Incubation at 37°C was continued for 30 min before the replacement of the culture medium with plaque assay medium. Constant domain (C L and C H1 )
a sumf is defined as the average density value for all atomic positions as normalized by the root-mean-square deviation from the mean of the map. Ϫden is the percentage of atoms that are positioned in negative density. avgds is the average distance between restraining and target positions. For a more detailed definition of these terms, see the program EMfit (55). The B7 sequences were subjected to a BLAST search of transcripts from translated hybridoma open reading frames. A significant alignment with the variable domain of a mouse IgG1 antibody (PDB accession no. 1IGY) was found (22) . The C␣ atomic coordinates of the constant domain of accession no. 1IGY Fab2 were used for the B7 Fab constant domain (C L and C H1 ).
Complex formation, cryoEM, image analysis, and 3D image reconstruction. Purified MVMi VLPs were incubated with B7 Fab in the presence of 100 mM NaCl at 4°C overnight at a ratio of about four Fab molecules per VP2 subunit. Small aliquots of the sample were applied to 400-mesh copper grids coated with a holey carbon film and rapidly frozen by plunging into an ethane slush. Micrographs of the freeze hydrated samples were recorded on SO-163 films (Kodak, Rochester, NY) with a CM300 field emission gun transmission electron microscope (Philips, Eindhoven, The Netherlands). Images were taken at a calibrated magnification of ϫ47,190 and a total electron dose of approximately 22 electrons/Å 2 . The cryoEM micrographs were digitized at 7-m intervals by using a Zeiss SCAI scanner (see Fig. 1a) .
A cryoEM density map of recombinant B19 VP2 capsids (30) was used to initialize the 3D reconstruction. The orientations and origins of all the particles were determined by comparing the contrast transfer function-corrected particle images against reference projections of the current electron microscopy-reconstructed map by using the programs EMPFT (3) and POR (28) . The procedure was repeated at progressively higher resolutions until no further increase in the correlation coefficients could be obtained. To improve the reliability of the orientation refinement, the image data were band-pass filtered to reduce low- Correlation coefficients (black) and phase differences (gray) for different resolution shells were computed from the structure factors derived from the independent reconstructions of two half data sets. These plots demonstrate that the data are reliable to at least 7-Å resolution (arrow) based on a correlation coefficient of 0.5 or a phase difference of 45°. jvi.asm.org and high-frequency noise. The resolution of the resulting map was estimated by comparing structure factors of the virus shell computed from two independent half data sets (Table 2) . For the final 3D reconstruction, data were included to a resolution at which the correlation between the two independent data sets was 0.3 (see Fig. 2 ). The magnification of the cryoEM map was standardized to a map calculated from the atomic coordinates of the MVMi VP2 structure (PDB accession no. 1Z1C) (35) , resulting in a final pixel separation of 1.47 Å. A difference map between the cryoEM map of the MVM-Fab complex and the MVMi map derived from the atomic coordinates was calculated after scaling the densities to optimize the radial dimensions and average density levels (see Fig.  2 ). The program RobEM (http://cryoem.ucsd.edu/programDocs/runRobem.txt) was used to eliminate small islands of density, which were probably merely noise in the difference density map, for visualization. Fitting of the B7 homology model into the cryoEM density map. The homology models of the B7 Fab variable domain (V L and V H ) and the constant domain (C L and C H1 ) were independently fitted into the cryoEM difference density map by using the program EMfit, version SR5 (55) ( Table 3 ). The fitting was constrained by icosahedral symmetry. This fitting procedure compares the observed cryoEM density with simultaneously positioned symmetry-related molecules. Due to the Fab binding close to the three-fold axes of symmetry, clashes between symmetryrelated Fab molecules had to be ignored during the fitting procedure. The B7 variable domain was fitted first into the difference map by using main-chain and side chain atoms. A maximum distance restraint of 15 Å between Thr 437 of MVMi VP2 and Ser 91 of the light chain (CDR L3) and Asp 203 of the heavy chain (CDR H3) of B7 Fab was used to maintain the general orientation of the Fab CDRs towards the viral surface. The Fab structure was completed by subsequent fitting of the C␣ atoms of the constant domain while restraining the distance between the C and N termini of the variable and constant portions of the light and heavy chains, respectively, to less than 15 Å. The elbow angle of the resultant Fab structure was determined using the program RBOW (63) . The contact region between the MVM three-fold spike (composed of the three symmetryrelated VP2 molecules A, B, and C) and one Fab molecule was analyzed using the programs AREAIMOL (37) and CONTACTS of the CCP4 program suite (14) (see Fig. 3 and 4) . 
RESULTS AND DISCUSSION
Structural analysis of the Fab-VLP complex. Complexes of purified MVMi VLPs with the Fab fragment of MAb B7 were analyzed by cryoEM. The 3D density map of MVMi VLPs in complex with the B7 Fab fragment has an estimated resolution of about 7 Å (Table 2; Fig. 1 and 2 ). The quality of the cryoEM reconstruction was confirmed by observing that the ␤-sheets in the jelly roll ␤-barrel and even some loops on the outer surface of the virus could be clearly recognized (Fig. 2c) . The most significant difference in density between the complex and MVM, interpreted as the bound Fab molecule, was found close to the icosahedral three-fold axes, protruding from each of the spikes. The binding of the Fab molecule to the three-fold spikes is consistent with the location of MVMi escape mutations from the neutralizing B7 antibody, which had been mapped to the tips of the spikes (43) . Due to steric interference close to the icosahedral three-fold axis, only one Fab molecule can bind to a three-fold spike at one time, resulting in a maximum of 20 bound Fab molecules per virus. Each of the three symmetry-related epitopes at the tip of any one spike has an equal chance of being recognized by an Fab molecule. Therefore, the cryoEM difference density represents the average of the three different Fab orientations, resulting in a radially distributed, bilobal appearance of the Fab electron density (Fig. 2) . The radially inner and outer lobes presumably correspond to the variable and constant domains of B7 Fab, respectively. A similar density had been observed for an Fab molecule bound close to a five-fold symmetry axis of cucumber mosaic virus (8) . The density related to the constant domain of Fab is about 0.4-fold lower than that related to the variable domain, suggesting flexibility of the elbow angle. The Fab density is almost as strong as the density of the MVM protein shell, where the three-fold-related Fab variable domains overlap, demonstrating about 90% occupancy of the spikes by B7 Fab. By using the fitting process described in Materials and Methods, an Fab molecule that had an elbow angle of about 170°was extracted (Fig. 4) . The contact region of one Fab molecule spans all three symmetry-related MVM VP2 molecules (A, B, and C) that form the spike ( Fig. 3 and 4) . The VP2 residues involved in the contact are 225, 228, 229, 425, and 426 and the loop of residues 432 to 440. These residues are completely conserved between MVMi and MVMp, which explains why the MAb B7 raised against MVMp (see Materials and Methods) binds and neutralizes MVMi. Some of these residues are employed in all three symmetry-related VP2 molecules, whereas others are used in only one or two VP2 molecules, resulting in an asymmetric epitope on a symmetric antigen. In other words, the antibody recognizes an epitope that is located at a symmetric vertex but that is formed by different sets of amino acid residues from each of the three symmetry-related VP subunits. The simultaneous recognition of three VP2 subunits explains the B7 specificity for intact capsids and its inability to bind individual VPs (41, 42, 47) . The B7 epitope is at the location farthest away from the interfaces between VP trimers, which are intermediates in the MVM capsid assembly (52) . However, B7 is not able to recognize VP trimers that accumulate intracellularly (52) , suggesting that the assembly of trimers into a capsid involves conformational changes that propagate from the trimer edges to the vertex of the three-fold spike.
The B7 contact region seen in the cryoEM structure includes the MVM residues 433 to 439 previously identified by antibody escape mutant analysis as part of the B7 epitope (43) . About 70% of the van der Waals contacts and putative hydrogen bonds are between loop residues 432 and 440 of MVM and the CDRs L1, L3, and H2 of B7 Fab. One B7 Fab molecule recognizes some of these residues in more than one of the three three-fold-related subunits at any one vertex (Fig. 4) . This mode of binding would facilitate the escape of the virus from antibody recognition, as a single mutation could entail the simultaneous replacement of two or even three residues involved in the B7 epitope, leading to the loss of a substantial number of antigen-antibody interactions.
Dual mechanism of MVMi neutralization by B7. The orientation of bound B7 Fab, roughly perpendicular to the virus surface, makes it unlikely that the antibody would be able to bridge neighboring three-fold spikes. Indeed, as both B7 IgG and Fab fragments neutralize the MVMi plaque-forming capacity (Fig. 5a ), antibody bivalency does not appear to be required for neutralization. The B7 antibody, as well as its Fab fragment, blocked the attachment of MVM capsids to permis- sive cells (Fig. 5b ). This blockage is most likely the result of steric hindrance of virus-receptor contact by the antibody. MVM infection can also be neutralized by MAb B7 added at different time points after virus attachment (Fig. 5c) , indicating either that MAb can compete with receptor binding or that the antibody-spike interaction may block an essential step in the postbinding viral entry pathway. Similar to other parvoviruses, MVM enters the host cell via receptor-mediated endocytosis (72) , although the cytoplasmic trafficking of the viral genome is a poorly understood process. Postattachment B7 binding to VP2 trimers may neutralize MVM by blocking pH-induced structural transitions of the virion (19) , by hindering the exposure of the VP1 unique region and genome release (11, 15, 46, 53, 73) , or by interfering with the nuclear invasion by the viral particle (62) . Postattachment neutralizing mechanisms may enhance the B7 neutralization efficiency, if an antibody concentration that is sufficient for the inhibition of virus attachment cannot be achieved.
